In the present work CO 2 continuous laser welding process was successfully applied and optimized for joining a dissimilar AISI 316 stainless steel and AISI 1009 low carbon steel plates. Laser power, welding speed, and defocusing distance combinations were carefully selected with the objective of producing welded joint with complete penetration, minimum fusion zone size and acceptable welding profile. Fusion zone area and shape of dissimilar austenitic stainless steel with ferritic low carbon steel were evaluated as a function of the selected laser welding parameters. Taguchi approach was used as statistical design of experiment (DOE) technique for optimizing the selected welding parameters in terms of minimizing the fusion zone. Mathematical models were developed to describe the influence of the selected parameters on the fusion zone area and shape, to predict its value within the limits of the variables being studied. The result indicates that the developed models can predict the responses satisfactorily.
INTRODUCTION
The demand for producing joints of dissimilar materials is continuously increasing due to their advantages, which can provide appropriate mechanical properties and good cost reduction. There are many issues/problems associated with the joining of dissimilar materials, depending on the materials being joined and process employed. In the welding of dissimilar materials different factors should be considered such as; (a) carbon migration from the higher carbon containing alloy to the relatively lower carbon alloy steels, especially those which are highly alloyed, (b) the differences in thermal expansion coefficients, resulting in differences in thermal residual stresses across the different weldment regions, (c) difficulty in executing the post weld heat treatment, especially in combinations wherein either of the materials being joined is susceptible to undesirable precipitation at elevated temperatures and (d) electrochemical property variations in the weldment, resulting in environmentally assisted problems [1] . Dissimilar welding of austenitic stainless steel with ferritic low carbon steel (A/F) is faced with the coarse grains phenomena in the weld zone and heat affected zone of fusion welds leading to low toughness and ductility due to the absence of phase transformation [2] . Laser welding has become an important industrial process because of its advantages as a bonding process over the other widely used joining techniques. Laser welding is characterized by parallelsided fusion zone, narrow weld width and high penetration. These advantages come from its high power density, which make the laser welding one of the keyhole welding processes [3, 4] . Welding quality is strongly characterized by the weld bead geometry. Due to that the weld bead geometry plays an important role in determining the mechanical properties of the welded joints. Therefore, it is very essential the selection of the welding process parameters for obtaining optimal weld bead geometry. [5] [6] [7] . Design of Experiment (DOE) and statistical techniques are widely used to optimize process parameters. Many researches were conducted to identify the optimal process input parameters. The most important input laser welding parameters which would control the welding quality outputs are laser power, welding speed and focus position [8] [9] [10] [11] [12] . Taguchi method is one of the optimization techniques which could be applied to optimize input welding parameters. Optimization of process parameters is the key step in the Taguchi method in achieving high quality without increasing the cost. This is because optimization of process parameters can improve performance characteristics. The optimal process parameters obtained from the Taguchi method are insensitive to the variation of environmental conditions and other noise factors [10] . Basically, classical process parameter design is complex and not easy to use. This is particularly true when the number of the process parameters increases, leading to a large number of experiments have to be carried out. To solve this task, Taguchi method with a special design of orthogonal arrays can be used to study the entire process parameter space with a small number of experiments only [14] .
The obtained results from Taguchi method are insensitive to the variation of environmental conditions and other noise factors. The optimal combination of the process parameters can then be predicted [15] .
This work is concerned with evaluating the effects of welding parameters on the total weld pool fusion area as a welding output and considered as a response 'A' of A/F joints and the prediction of the optimal combinations of the welding parameters with an objective of minimizing it. Welding widths at the specimen surface and at the middle depth also were studied as responses 'W1' and 'W2' respectively to detect the effect of the selected welding parameters on the welding pool shape. The welding parameters and the listed responses will be considered as inputs and outputs respectively for Taguchi analysis. Fig. 1 shows the positions of responses on the specimen.
EXPERIMENTAL DESIGN AND PROCEDURE
Taguchi approach was used for designing the experiments, L-25 orthogonal array was applied which composed of 3 columns and 25 rows, which mean that 25 experiments were carried out. Design of experiment was selected based on a three welding parameters with five levels each. The selected welding parameters for this study are: welding power, welding speed and focus point position. Table 1 show the laser input variables and experiment design levels. The Taguchi method was applied to the experimental data using statistical softwares "Design-expert 7" and "MINITAB 13". The S/N ratio for each level of process parameters is computed based on the S/N analysis. Regardless of the category of the quality characteristic, a lower S/N ratio corresponds to a better quality characteristic.
Therefore, the optimal level of the process parameters is the level with the lowest S/N ratio. Furthermore, a statistical analysis of variance (ANOVA) is performed for each response individually to see which process parameters are statistically significant. The optimal combination of the process parameters can then be predicted.
The materials employed in this investigation were plates of AISI 316 stainless steel and AISI 1009 milled carbon steel in dimensions of 160 mm x 80 mm x 2 mm each were used as work-pieces materials. The typical chemical compositions of the received materials are shown in Table 2 . The joints were produced using CO2 LBW (laser beam welding) at a maximum laser power of 1.5 kW with welding conditions as described in Table 1 .
Specimens for the metallographic examinations were prepared by polishing successively in 120, 240, 500 and 800emery grits, followed by a final disc polishing using 9, 6 and 3 μm diamond slurry. The carbon steel side of the weldment was etched in 4% Nital, and the rest of the regions of the weldment were etched in a solution containing 20 ml hydrochloric acid, 1.0 g sodium meta bisulphate and 100 ml distilled water. Also, an electrolytic etching in 10% (w/o) oxalic acid was employed to reveal the features of weld metal and the evolved interfaces. The average of at least three results of welding pool area was measured for each sample. Fig. 2 , Shows the effect of the welding parameters on the responses (A, W1, W2) of some of selected experiments listed in Table 3 , and the variation on weld bead geometry. The experimental measured responses are presented in Table 3 .
RESULTS AND DISCUSSION
The area of the fusion welding zone (A) was measured by using the transverse sectioned specimens, the optical microscope and image analyser software. Using the same procedure the welding pool width at surface (W1) and the welding pool width at the middle depth (W2) of the specimens also were measured and analysed as process responses. The measured responses are listed in Table 3 and exhibited in Fig. 1 . Design expert 7 software had been used for analysing the measured responses. The fit summary output indicates that the models developed are statistically significant for the prediction of the responses therefore they will be used for further analysis. It has been seen that the welding pool and penetration are controlled by the rate of heat input, which is a function of laser power and welding speed [16] . But the focusing parameter is mostly affecting the weld pool surface width.
Orthogonal Array Experiment
In the present study, the interaction between the welding parameters is neglected.
Therefore, degrees of freedom owing to the three sets of five-level welding process parameters were analysed. The degrees of freedom for the orthogonal array should be greater than or at least equal to those for the process parameters. In this study, an L25
orthogonal array with three columns and 25 rows was used. This array has twelve degrees of freedom and it can handle five-level process parameters. Twenty-five experiments were required to study the welding parameters using L25 orthogonal array. The experimental layout for the welding process parameters using the L25 orthogonal array is shown in Table 3 and the responses for signal-to-noise ratio S/N are presented in Table 4 .
The Signal-to-Noise (S/N) Ratio Analysis
In order to evaluate the influence of each selected factor on the responses: The signal-to-noise ratios S/N for each control factor had to be calculated. The signals have indicated that the effect on the average responses and the noises were measured by the influence on the deviations from the average responses, which would indicate the sensitiveness of the experiment output to the noise factors. The appropriate S/N ratio must be chosen using previous knowledge, expertise, and understanding of the process. When the target is fixed and there is a trivial or absent signal factor (static design), it is possible to choose the S/N ratio depending on the goal of the design. In this study, the S/N ratio was chosen according to the criterion the-smaller-the-better, in order to minimize the responses. The S/N ratio for the-smaller-the-better target for all the responses was calculated as follows:
Where: y is the average measured fusion area, n the repetitions, in this study
=25
Using the above-presented data with the selected above formula for calculating S/N, the Taguchi experiment results are summarised in Table 4 and presented in Fig. 3, which were obtained by means of MINITAB 13 statistical software. It can be noticed from this 
Analysis of Variance
The purpose of the analysis of variance (ANOVA) is to investigate which welding process parameters significantly affect the quality characteristic. This is accomplished by separating the total variability of the S/N ratios, which is measured by the sum of the squared deviations from the total mean of the S/N ratio, into contributions by each welding process parameter and the error [17, 18] . The test for significance of the regression model, the test for significance on individual model coefficients and the lack-of-fit test were performed using Design Expert 7 software.
Step-wise regression method; which eliminates the insignificant model terms automatically was applied and exhibited in ANOVA Tables 5-7 The analysis of variance indicates that for the welding pool area (A) model, the main effect was the welding speed (S), the second order effect was the laser power (P) and the two level interaction of laser welding and welding speed (P and S) are the most significant model parameters. Secondly for the welding pool width at the work piece surface (W1) model, the analysis indicated that there is a linear relationship between the main effects of the three parameters. Also, in case of welded pool width at the middle of work piece (W2) model the main effect of laser power (P), welding speed (S), focused position (F), the second order effect of welding speed (S 2 ) are significant model terms.
However, the main effect of welding speed (S) is the most important factor influent the welding pool.
The final mathematical models in terms of actual factors as determined by design expert software are shown below. 
Final Equations in Terms of

Model Validation
The final step is to predict and verify the improvement of the response using the optimal level of the welding process parameters.
Figs. 4-6 show the relationship between the actual and predicted values of A, W1, and W2, respectively. These figures indicate that the developed models are adequate because the residuals in prediction of each response are negligible, since the residuals tend to be close to the diagonal line. Furthermore, to verify the satisfactoriness of the developed models, three confirmation experiments were carried out using new test conditions at optimal parameters conditions, obtained using the design expert software. Table 8 expresses the best ten parameters combination which were predicted using software. First value indicates the lowest responses and so on. The A, W1 and W2 of the validation experiments were selected from Table 8 . Table 9 summarizes the experiments conditions, the actual experimental values, the predicted values and the percentages of error. It could be concluded that the models developed could predict the responses with a very small error. A, W1 and W2 were greatly improved through this optimization.
EFFECT OF THE PARAMETERS ON RESPONSES
The reason for predicting the welding pool geometry is to develop a model which would include the optimizations step for future work. Fig. 7 contour graph shows the effect of S and P on the total welding pool area (A) at F = −0.5 mm. Fig. 8 contour graph shows the effect of P and F on the welding pool width at the work piece surface (W1) at S = 750 mm/min. Fig. 9 contour graph shows the effect of P and S on the welding pool width at the middle of work piece (W2) at F = -0.5.
Welding Pool Area 'A'
In the present study the fusion area (welding pool) 'A' of dissimilar joints between stainless steel and low carbon steel was measured and plotted in 3D graph as presented in Table 3 , the fusion area is minima and equals 1.598 mm 2 which present the best achieved results. It is also noted that changes in the laser power 'P' rate would lead to change the fusion area value. By increasing laser power the fusion area tends to decrease up to lower value at laser power equals 1.15 kW then start to trend-on up to laser power equal to 1.33
kW. Further increases of laser power value result in the fusion area increasing again. The fusion area has the minimum value at laser power equal 1.33 kW these results are shown in Fig. 2 and 3 . From Fig. 3 it's clear that the focusing position 'F' has insignificant effect on the welding pool, where by changing the focusing position the welding pool will not be consequentially changed and this effect is ensured in Table 4 in which the focusing position has the greater value (rank = 3) in S/N ratio.
Welding Pool Width at the Work Piece Surface (W1).
The results and the model obtained for the response indicate that the S and F are the most important factors affecting W1 value. An increase in S leads to a decrease in W1.
This is due to the laser beam traveling at high speed over the welding line when S is increased. Therefore the heat input decreases leading to less volume of the base metal being melted, consequently the width of the welded zone decreases. Moreover, defocused beam, which mean wide laser beam results in spreading the laser power onto wide area.
Therefore, wide area of the base metal will be melted leading to an increase in W1 or vice versa. The result shows also that P contributes secondary effect in the response width dimensions. Increases in P will results in slight increases in W1, due to the increase in the power density. Fig. 11 shows 3D plots for the effect of process parameters on the W1 width.
Welding Pool Width at the Middle of the Work Piece (W2)
From the results it is clear that the three parameters are significantly affecting the W2
value. Using a focused beam results in an increase in the power density, which indicates that the heat will be localize in a small metal portion, resulting in an increase in the power density leading to increasing W2 value. The model shows that the response is proportioned inversely with F. The result shows that the changes in F parameter effects W1, W2 and didn't effect A. This may be interpreted that as F decreased, W1 increasing, W2 decreased and vice versa, so the total area A will not be effected by changing F. The increase in P leads to an increase in the heat input, therefore, more molten metal and consequently wider W2 will be achieved. However, the idea is reversed in the case of S effect, because the S is inversely proportioned with the heat input. Fig. 12 shows 3D plots to present the effect of process parameters on the W2 value.
CONCLUSION
The following points can be concluded from this study:
i) Using Laser welding could produce a small welding pool and a narrow HAZ.
ii) Welding speed has the stronger effect on the fusion area size among the selected parameters; which is proportional inversely with responses.
iii) Laser power has strong effect on fusion area. By changing the P value the response will be changed dramatically, so the P value should be carefully selected. The focusing position parameter has insignificant effect on the total weld pool size.
iv) The model developed can be adequately in predicting the responses within the factors domain. 
